ABCB1 encodes Multidrug Resistance protein (MDR1), an ATP-binding cassette member involved in the cellular efflux of chemotherapeutic drugs. Here we report that ovarian and breast samples from chemotherapy treated patients are positive for multiple transcriptional fusions involving ABCB1, placing it under the control of a strong promoter while leaving its open reading frame intact. We identified 15 different transcriptional fusion partners involving ABCB1, as well as patients with multiple distinct fusion events. The partner gene selected depended on its structure, promoter strength, and chromosomal proximity to ABCB1. Fusion positivity was strongly associated with the number of lines of MDR1-substrate chemotherapy given. MDR1 inhibition in a fusion positive ovarian cancer cell line increased sensitivity to paclitaxel more than 50-fold. Convergent evolution of ABCB1 fusion is therefore frequent in chemotherapy resistant recurrent ovarian cancer. As most currently approved PARP inhibitors (PARPi) are MDR1 substrates, prior chemotherapy may precondition resistance to PARPi. 1 1234567890():,; a One patient progressed but no date available NA information not available ARTICLE NATURE COMMUNICATIONS | https://doi.
O ur previous whole-genome analysis of post-treatment high-grade serous ovarian cancer (HGSC) and breast cancer samples identified a transcriptional fusion between ABCB1 and the upstream gene SLC25A40 associated with up-regulation of ABCB1 expression, while leaving the predicted MDR1 protein unaltered 1, 2 . Here, we sought to determine the frequency and circumstances in which ABCB1 fusions arise in a large cohort of recurrent HGSC and a smaller series of breast cancer patients.
Results
Prevalent over-expression of ABCB1 in recurrent HGSC. We analysed relapse ascites samples from 108 HGSC patients who had received a median of 2 (range: 0-9) lines of chemotherapy (Table 1 and Supplementary Data 1). We began by measuring ABCB1 expression using quantitative polymerase chain reaction (Q-RT-PCR) and SLC25A40-ABCB1-specific PCR 1 . SLC25A40-ABCB1 fusions were seen in 15.7% of recurrent HGSC samples ( Fig. 1a ). When rank ordered for ABCB1 expression, fusions were distributed over 64 (59%) of the highest expressing samples. ABCB1 over-expression has been observed in many tumour types 3 , however, the threshold for calling clinically significant expression is unclear. The presence of ABCB1 fusions across a wide span of tumours indicates that positive selection for MDR1 expression occurs in a majority of post-treatment HGSC samples. Identification of multiple fusion partners with ABCB1. In between samples with an SLC25A40-ABCB1 fusion on the barchart were other tumours with high ABCB1 expression without the SLC25A40-ABCB1 fusion, suggesting that additional structural changes may deregulate ABCB1. We, therefore, characterised 25 recurrent HGSC samples with high levels of ABCB1 using a modified 5′ Rapid Amplification of cDNA Ends (RACE) assay called FusionPlex 4 . We also performed whole-genome sequencing (WGS) and transcriptome analyses in ten samples that partially overlapped those subject to FusionPlex (Supplementary Data 1). We identified 16 novel ABCB1 fusion partners (Supplementary Data 3). Twelve had the same general structure as the SLC25A40-ABCB1 event, involving breakage in intron 1 of ABCB1 and splicing of non-coding 5′ exon(s) to exon 2 of ABCB1 but leaving the predicted coding region unaltered ( Fig. 1a , b, Table 2 , Supplementary Data 3). Most of the novel fusions occurred in patients where a fusion with SLC25A40 was also observed ( Fig. 1a ). Amongst the novel fusions only CNOT4-ABCB1 was identified in more than one patient, suggesting that we had not screened to saturation and that other partners could be detected if further tumours were analysed. Strikingly, Patient 7 had ABCB1 fusions involving five different partners ( Fig. 1a, Supplementary Data 3 ). In addition, as the breakpoints in ABCB1 are unique to each translocation event we ARTICLE could determine that in Patient 17 two independent SLC25A40 fusions to ABCB1 had occurred ( Fig. 1c , Supplementary Data 2). Overall, ABCB1 fusions were identified in 18.5% of recurrent HGSC ascites samples tested. The presence of multiple different fusion partners, and multiple instances of the same fusion event in a given tumour, suggested a strong selective pressure for a convergent resistance phenotype in HGSC patients. It is notable that patient samples carrying ostensibly the same SLC25A40-ABCB1 fusion event differed in the overall level of ABCB1 expression, suggesting that fewer tumour cells carried the fusion event in ascites with lower ABCB1 expression.
SLC25A40-ABCB1 fusion plus others

SLC25A40-ABCB1 fusion alone
Structural variants (SV) involving ABCB1 were detected in all ten samples subject to WGS (Supplementary Data 2), and verified three of the novel fusions identified by FusionPlex in two patients ( Table 2 ). Patient 9's tumour sample very strongly expressed ABCB1 but without a detectable fusion. We previously found a 95 kb insertion of part of the ABCA4 gene in intron 1 of ABCB1 of this tumour 1 . Analysis of RNAseq data showed strong expression from an alternative transcriptional start site in exon 2 of ABCB1, possibly due to the juxtaposition of regulatory elements from ABCA4 ( Fig. 1d ). Therefore, SV in patient samples that did not result in predicted transcriptional fusion events may nevertheless alter ABCB1 expression.
ABCB1 fusions in end-stage breast cancer patients. We extended our analysis to recurrent and rapid autopsy breast cancer patients (n = 33) (Table 1), a disease that shares common treatment approaches with HGSC. Using a combination of SLC25A40-ABCB1 fusion-specific PCR and FusionPlex assays we detected SLC25A40-ABCB1 fusions in nine patients. An ABCB1 fusion involving NRF1 was found in Patient 14 that co-occurred with an SLC25A40-ABCB1 fusion ( Fig. 1e ), demonstrating that convergent ABCB1 deregulation also occurs in breast cancer patients. Patient 21 was observed to have a TPX2-ABCB1 fusion by FusionPlex but did not have an SLC25A40-ABCB1 fusion. The use of 18 autopsy samples from 6 fusion positive-breast cancer patients allowed us to obtain a survey of fusion positivity across metastatic deposits ( Supplementary Fig. 18 ). Patient 5 was the only patient where all tested sites were SLC25A40-ABCB1 fusion positive, Patients 1, 2, 7 and 9 had two fusion-positive sites and Patient 4 had only a single site that was positive for the SLC25A40-ABCB1 fusion. The presence of subclonal fusion events suggests that in fusion-negative metastases novel mechanisms of ABCB1 deregulation or other mechanisms conferring resistance are extant.
Amongst the HGSC and breast cancer samples, overall 15 fusions involving addition of non-coding exons 5′ from the partner gene to exon 2 of ABCB1 were identified. Other ABC family transporters have been implicated in chemotherapy resistance 5 , although the data is less compelling than for ABCB1. We evaluated samples where we had comprehensive WGS, copy number and transcriptome data but found little evidence of deregulation similar to that seen with ABCB1 in other transporters (see Supplementary Information).
Factors influencing selection of a fusion gene partner. As SLC25A40 was the most common fusion partner, and novel fusions with ABCB1 were mostly found in tumours where an SLC25A40-ABCB1 fusion was also detected, we considered why certain genes became partners to ABCB1. In principle, 
transcriptional fusion could result in loss of negative regulation of ABCB1 and/or acquisition of a constitutively expressed, stronger promoter in the lineage giving rise to HGSC. To assess promoter strength of the fusion partner genes we examined their RNA expression levels in pre-treatment tumour samples and fallopian tube secretory cells, the precursor cell type for HGSC. Consistent with fusion resulting in acquisition of a stronger promoter to drive ABCB1 expression, the partner genes exceeded ABCB1 expression in fallopian tube cells, and HGSC and breast cancer tumours obtained prior to chemotherapy exposure ( Fig. 2a) . Surprisingly, SLC25A40 was not the highest expressing gene amongst fusion partners, despite being the most consistently involved, suggesting that other factors must determine its selection. A majority of partner genes (9/15) are located on chromosome 7 (Fig. 2b ). Amongst the fusion partner genes, SLC25A40 was the physically closest downstream of ABCB1. While RUNDC3B is located closer to ABCB1 than SLC25A40 it is in the opposite transcriptional orientation to ABCB1 and has lower expression than ABCB1 ( Supplementary Fig. 19b ). These findings suggest that chromosomal proximity to ABCB1, transcriptional level and orientation, and position relative to ABCB1, are major determinants in being involved in a productive fusion event, enabling cells to take advantage of simple deletions.
Our findings suggested that intrachromosomal rearrangements provided the highest probability of creating a productive ABCB1 fusion. We considered whether tumours with a propensity to undergo structural rearrangement may be more likely to have fusion events, but we found no indication of an association between the frequency of SV in a sample and ABCB1 fusion positivity ( Fig. 2c ). We, therefore, considered treatment-related factors that could influence the likelihood of emergence of ABCB1 fusions. HGSC patients receive a wide spectrum of treatment regimens and their exposure to MDR1 substrate and nonsubstrate chemotherapies allowed us to relate the presence of a fusion to different treatment histories. Fusion events were only detected in patients who had been exposed to chemotherapies ABCB1   ABCB1  GTF2I  NAP1L1  MATR3  ARPC1B  CALU  PRRC2C   GTF2I  MATR3  NAP1L1  PRRC2C  CALU  ARPC1B   CNOT4  PHTF2  WRN   SLC25A40   CLOCK   KMT2E  ITGB8  SLC25A40   WRN   KMT2E   ITGB8  CLOCK  PHTF2  CNOT4 Primary HGSC Normal fallopian tube Figure 20) .
Fusion positivity is associated with substrate chemotherapy. We note that fusions were seen in two-thirds of patients who had received 3 lines of paclitaxel, and rose from 12 to 26% of patients following at least one line of liposomal doxorubicin (Fig. 3b ): both drugs are MDR1 substrates and are known to induce chemoresistance by over-expression of MDR1 3 . However, given that patients frequently received more than one line of a known MDR1-substrate chemotherapy prior to sample collection, it was difficult to determine which agent(s) were most likely to select for presence of a fusion. We, therefore, sought patients where samples were collected sequentially (Fig. 3c) . We observed the appearance of a fusion-positive sample in Patient 10 following a line of carboplatin and gemcitabine followed by three cycles of topotecan. Carboplatin and gemcitabine are not effluxed by MDR1 but topotecan is a known MDR1 substrate 6 , and therefore most likely to have resulted in the selection of the fusion in Patient 10. Consistent with the strong association of fusion positivity with number of lines of paclitaxel (Fig. 3b) , we observed transition from negative to fusion positive in Patients 7 and 15 following paclitaxel treatment (Fig. 3c ).
Inhibition of MDR1 resensitizes to paclitaxel. To further characterise the relationship between fusion positivity and paclitaxel sensitivity, and preclinically validate ABCB1 fusions as a therapeutic target, we isolated a patient-derived HGSC cell line with the SLC25A40-ABCB1 fusion (Fig. 4a) . The line strongly expressed MDR1, as assessed by Western blot and immunocytochemistry (Fig. 4b, c) . Elacridar is third generation MDR1
inhibitor that interferes with ATP hydrolysis by reducing ATPase activity 7 . Addition of elacridar potently re-sensitised the fusionpositive cell line to paclitaxel, but had no effect on its sensitivity to the non-substrate cisplatin (Fig. 4d ), or on paclitaxel sensitivity of a fusion-negative HGSC cell line (n = 3 replicates) ( Fig. 4d ). Further functional characterisation of the impact of other promoter fusion partners on chemosensitivity awaits the availability of appropriate cell lines with these fusion events.
Discussion
Our finding of frequent transcriptional fusions involving ABCB1 in recurrent HGSC and breast cancer has important implications for chemotherapy choice in disease relapse and the clinical development of targeted agents. To our knowledge all currently clinically approved PARPi are MDR1 substrates and preclinically over-expression of MDR1 has been associated with olaparib resistance in cell line and animal models 8, 9 . A requirement that patients should have received two to three lines of chemotherapy before being eligible for access to a PARPi may be unintentionally preconditioning tumours for resistance to these agents. Evaluation of fusion status may be particularly important in patients who have received dose-dense paclitaxel 10, 11 . The clinical ARTICLE development of novel targeted agents in HGSC should take into account whether the new agent is an MDR1 substrate and if so, determination made of fusion status prior to enrolment on trials of patients with recurrent disease. Future clinical trials could explore the benefit of stratifying patients based on fusion positivity and then directing fusion-positive patients to subsequent non-MDR1 substrate chemotherapy. Finally, although clinical findings with MDR1 inhibitors were largely disappointing, little or no patient stratification occurred 12 , and it may be timely to reconsider previously abandoned MDR1 inhibitors 3 .
Methods
Patients. Ethics board approval was obtained at all institutions for patient recruitment, sample collection and research studies (Peter MacCallum Cancer Centre & University of Utah). Written informed consent was obtained from all participants in this study. Tables 1 and 2 summarises the clinical characteristics of each cohort. The ovarian cancer cohort (n = 108) consisted of women diagnosed with epithelial ovarian, primary peritoneal or fallopian tube cancer since 1992. The women were treated at hospitals across Australia and were recruited through the Australian Ovarian Cancer Study (AOCS) 13 . All patients were diagnosed with serous carcinoma of high-grade (grade 2 or grade 3) and advanced stage (FIGO stage III or IV, International Federation of Gynaecology and Obstetrics) and received platinum-based chemotherapy as part of primary treatment. All samples utilised in the study were collected at relapse as ascites. Six of the 108 patients were previously described 1 . Summary treatment information is provided in Supplementary Data 1.
The kConFab cohort consisted of 20 breast cancer patients who were recruited to kConFab, a consortium for the study of familial breast cancer 14 . Patients have a strong family history of breast and/or ovarian cancer, 7 have germline BRCA1/2 mutations. Post-treatment samples were collected through biopsy (n = 1), excision (n = 11), or during rapid autopsy (n = 8).
Thirteen additional breast cancer patient samples were ascertained from Huntsman Cancer Institute, University of Utah. Samples were collected posttreatment during paracentesis.
Nucleic acid isolation. DNA was isolated from peripheral lymphocytes or lymphoblastoid cell lines using the salting out method for germline DNA. Tumour cells were isolated from ovarian cancer patient ascites using Dynabeads Epithelial Enrich (Invitrogen/Life Technologies), followed by DNA and RNA extractions. For breast cancer patients in the Bild cohort, cells from pleural effusions were collected through centrifugation and for 9 of 18 samples, CD45+, CD90+ and PDPN+ normal cells were depleted from the population using the Miltenyi quadroMACS as per manufacturer's protocol. Frozen tumour samples were cyrosectioned, 5 × 50 mm, for DNA and RNA extractions.
DNA extractions were performed using the DNeasy blood and tissue kit (QIAGEN), DNA was subsequently quantified using the Qubit dsDNA BR assay (ThermoFisher Scientific). For ovarian cancer and kConFab samples, RNA was isolated using the mirVana miRNA Isolation kit (Ambion/Life Technologies). The RNeasy Mini Kit (QIAGEN) was used to isolate RNA from Bild breast cancer pleural effusions. The Qubit RNA HS assay was used to assess RNA quantity.
SNP arrays, tumour cellularity and copy number analysis. Tumour and matched normal DNA was assayed with the Illumina HumanOmniExpress arrays as per manufacturer's instructions at the Australian Genome Research Facility (AGRF, Melbourne Australia). Single-nucleotide polymorphism (SNP) arrays were scanned on an iScan (Illumina), data was processed using the Genotyping module (v.1.9.4) in GenomeStudio v.2011.1 (Illumina) to calculate B-allele frequencies and logR ratios. Tumour cellularity was assessed using ASCAT 15 and qPURE 16 , tumour ploidy was also calculated using ASCAT. Median tumour content was 96% (range: 70-99%).
Whole-genome sequencing. WGS libraries were generated from 1 μg of genomic DNA using TruSeq DNA PCR-free sample preparation protocol (Illumina, San Diego). Sequencing on a HiSeq X Ten (Illumina at GenomeOne, Kinghorn Comprehensive Cancer Centre, Sydney Australia) was performed to a minimum average of 30-fold base coverage for germline samples and 60-fold coverage for ascites samples (Supplementary Data 2) .
Each lane of sequencing data underwent alignment to the Genome Reference Consortium human genome assembly (GRCh37) using BWA-MEM 17 . Optical duplicate reads were marked using Picard MarkDuplicates ([https://broadinstitute. github.io/picard/]).
The Genome Modelling System (GMS) 18 was utilised to perform end to end analysis of WGS data to call somatic SVs. The GMS workflow was configured to utilise a combination of two complementary algorithms-Breakdancer 19 and Squaredancer ([https://github.com/ding-lab/squaredancer]) followed by a read assembly step using TIGRA ([http://bioinformatics.mdanderson.org/main/ TIGRA]). Concurrently, Genome Rearrangement IDentification Software Suite (GRIDSS) 20 was utilised for its ability to detect SV at low cellular prevalence. GRIDSS was also run for the six samples previously described 1 . All SVs in ABCB1 were manually reviewed in integrative genomics viewer (IGV) 21 .
Transcriptome sequencing. One microgram of total RNA was used for library preparation using the TruSeq RNA Sample Preparation kit (Illumina) as per the manufacturer's low-throughput protocol. All libraries were sequenced as pairedend 100 bp on a HiSeq2500 (Illumina, at AGRF), generating 100 million paired reads per sample.
Each barcode separated lane of sequencing data was aligned to the Genome Reference Consortium human genome assembly (GRCh37) using HISAT2 22 . RNA-seQC 23 was used to investigate RNA sequencing quality. Estimation of gene abundance was carried out in R using Rsubread 24 , edgeR 25 and Limma 26 .
Fusion transcripts from RNAseq data were detected using JAFFA 27 and STAR-Fusion 28 . A minimal criteria of ≥1 one split read support was imposed for filtering of predicted ABCB1 fusion events to facilitate the discovery of fusion transcripts with low representation in the transcriptome. All fusions involving ABCB1 were manually reviewed in IGV.
Archer FusionPlex. A custom Archer FusionPlex assay (ArcherDX, Colorado) was utilised to interrogate 5′ fusion partners for ABCB1. Up to 200 ng of RNA was utilised to generate sequencing libraries, as per manufacturer's protocol. Libraries were sequenced on a MiSeq (Illumina) generating paired-end 150 bp reads, RNA-seQC was used to examine sequencing and alignment quality. On average 2.1 million reads were generated per sample (range: 21, 568, 196) . As per transcriptome sequencing, data was aligned to GRCh37 and fusions were detected with JAFFA. All reads that mapped to ABCB1 exons 2 and 3 and their pairs were manually reviewed in IGV.
ABCB1 RT-PCR. RNA was reverse transcribed into cDNA using random primers (Promega) and M-MLV reverse transcriptase (Promega).
Quantitative reverse transcription PCR (Q-RT-PCR) was used to measure ABCB1 transcript abundance. Q-RT-PCR was performed in triplicate to examine ABCB1 expression, with GAPDH or HPRT and ACTB for normalisation. Primer sequences are listed in Supplementary Table 1 . The ΔΔCt method was used to calculate expression levels compared to ABCB1 expression in the SKOV3 cell line.
Testing for the presence of the SLC25A40-ABCB1 fusion transcript was performed using nested RT-PCR with primers to exon 1 of SLC25A40 and exon 3 of ABCB1, an assay described previously 1 . Primer sequences are listed in Supplementary Table 1 . Briefly, PCR conditions were as follows: 98°C for 30 s, 30 cycles of 98°C for 10 s, 60°C for 30 s, 72°C for 10 s and 72°C for 10 min. PCR product from first PCR was purified using QIAquick PCR purification kit (QIAGEN), for use as template in the second PCR. The PCR product from the second PCR was run on a 2% agarose gel.
Validation of novel fusion transcripts was performed using primers specific to each fusion partner and exon 3 of ABCB1 using the PCR conditions above ( Supplementary Table 1 ).
In vitro studies. Patient-derived cell lines AOCS18.5 and AOCS21.2 were established from AOCS patient ascites. Approximately, 2 mL of ascites fluid collected at recurrence was centrifuged at 1500 rpm for 5 min to create a cell pellet. Supernatant was removed and the cell pellet was resuspended in 10 mL of complete RPMI media (RPMI 1640, 10% FBS, 50 µ/mL penicillin and 50 mg/mL streptomycin) and transferred into a standard humidified incubator (37°C, 5% CO 2 ). Media were replaced after 48 h, and then once every 2-4 days, until an adherent cell line was established. Cells were passaged ten times from the time of collection and stocks cryopreserved. Both the AOCS18.5 and AOCS21.2 cell lines were authenticated against the patient germline DNA using STR profiling (GenePrint 10 System, Promega) and shown to be free of Mycoplasma via PCR prior to being used for in vitro studies (testing date: 27 July 2017) 29 . RT-PCR for the SLC25A40-ABCB1 fusion was performed on 20 cell lines, and one fusion-positive line was identified: AOCS18.5 (Fig. 4a) . A fusion-negative line, AOCS21.2, was used as a control. Cell lines are available upon request.
Whole-cell lysates were prepared using RIPA lysis buffer containing protease inhibitor cocktail (Roche) followed by sonication. Protein concentrations were determined using the DC TM protein assay (Bio-Rad). Totally, 40 µg of lysate were loaded onto a 4-20% gradient polyacrylamide gel (Bio-Rad) and subjected to gel electrophoresis at 150 V for 1 h and membrane transfer was performed using the Trans-Blot Turbo Transfer System (Bio-Rad) using the High Molecular Weight protocol 30 . Membranes were blocked in Odyssey Blocking Buffer TBS (Li-Cor) for 1 h and then incubated with the appropriate antibody overnight at 4°C. Antibodies included: MDR1 (1:1000, Abcam, ab170904) and GAPDH (1:10,000, Abcam, ab8245). Following overnight incubation, the membranes were washed three times with TBS-T and then incubated with the appropriate IRDye ® secondary antibody (1:15,000, Li-Cor, 926-32,211 or 926-68,070) for 1 h at room temperature (RT). Membranes were washed three times with TBS-T and the signal was analysed by the Li-Cor Odyssey system.
